The ultimate objectives of this research are to understand the principles underpinning nano-composite polymer electrolytes (CPEs) and facilitate development of novel CPEs that are low-cost, have high conductivities, large Li + transference numbers, improved electrolyte-electrode interfacial stability, yield long cycle life, exhibit mechanical stability and are easily processable.
ACCOMPLISHMENTS
We highlight below some of our major accomplishments. Details of these can be found in our publications listed in this report.
Low-Mw PEO electrolytes.-Composite electrolytes are obtained by dispersing fumed silica particles into a liquid electrolyte (oligomeric polyethylene glycol dimethyl ether + lithium salt) forming a continuous network which mechanically supports the solution and yields a gel-like consistency. These composite electrolytes exhibit solid-like mechanical properties (elastic modulus > 10 5 Pa) while retaining the conductivity of the corresponding liquid electrolyte (> 10 -3 S cm -1 at 25 o C). Lithium dendrite formation was investigated via in-situ microscopy in these low-Mw CPEs. Dendrites with a current density-dependent morphology are formed in liquid electrolytes but addition of fumed silica attenuates their formation, with hydrophilic fumed silica having a more pronounced effect than hydrophobic silica (Figure 1 and 2). We found that the dendrite inhibition effect of fumed silica is attributable to its abilities to form a continuous network with elastic-like properties and scavenge impurities from the electrolyte. We also found the presence of fumed silica in electrolytes with LiTFSi salts appeared to attenuate aluminum corrosion in cells with aluminum cathode current collector, which is very desirable in battery application.
Single-ion conducting fumed silica-based electrolytes.-In order to develop single ion conductors, we have undertaken synthetic approaches based on anchoring anions to sufficiently massive nanoparticles to ensure that anion transport is negligible. A singleion conducting fumed silica [R711-poly(lithium 2-acrylamido-2-methyl-1propanesulfonate), R711-pLiAMPS] was developed by anchoring lithium 2-acrylamido-2-methyl-1-propanesulfonate (LiAMPS) onto the surface of functional fumed silica (R711) using radical copolymerization followed by ion exchange. LiAMPS is chosen as the Li + carrier because of its ease of polymerization and the highly dissociated nature of lithium sulfonates, which are electrochemically stable. Single-ion conducting CPEs were prepared by dispersing R711-pLiAMPS into low-Mw PEO. R711-pLiAMPS with a surface Li + content of 4.2 nm -2 provides CPEs with the highest room-temperature conductivity (4.5×10 -6 Ω cm -1 at Li:O = 1: 100) and largest Li + transference number (0.78 at Li:O = 1:20). In order to increase ionic conductivity, lithium imide salt (LiTFSI) was added to the R711-pLiAMPS electrolyte. The addition of lithium salt greatly improves conductivity, and although the Li + transference number decreases, it remains high relative to the electrolyte with LiTFSI as the sole charge carrier ( Figure 2 ). Single-ion conducting fumed silica-based CPEs with proper LiTFSI content in ion carriers also show higher interfacial stability than the corresponding liquid electrolyte ( Figure 3 ).
We have also designed and synthesized fumed silica nanoparticles that have surfaces decorated with analogs of LiTFSI (Scheme 1). When dispersed in PEO, the conductivity of the CPEs range from 10 -5 to 10 -6 S/cm, surprisingly high given the two-phase nature of the PEO/silica composite and O:Li ratios >200 ( Figure 4 ). There is a large drop in conductivity when the silica weight fraction is >35% due to the PEO phase being noncontinuous ( Figure 5 ). The measured t Li + was ~0.8, in line with the conductivity being dominated by Li + transport. The conductivity shows a weak dependence on temperature, and at the same time, the TFSI analog decreased the crsytallinity of the PEO. Both observations may have important implications for low temperature electrolytes.
Crosslinked composite electrolytes.-The electrochemical and rheological properties of crosslinked CPEs based on crosslinkable fumed silica dispersed in electrolytes consisting of low-Mw PEO and LiTFSI were investigated. Various methacrylate monomers, such as methyl (MMA), ethyl (EMA), butyl (BMA), hexyl(HMA), and n-dodecyl (DMA) methacrylate, were added to aid in formation of the crosslinked network. We found that the presence of a crosslinked silica network does not significantly affect the mechanism of ionic transport, although the conductivity of the composites decreases by a factor of two after crosslinking with 20% BMA ( Figure 6 ). This suggests that the chemical crosslinks occur on a microscopic scale, as opposed to a molecular scale, between adjacent silica particles and therefore does not impede the segmental mobility of the polymer electrolyte. Increase in the length of the aliphatic chain results in both increased conductivity and mechanical strength of the crosslinkable fumed silica-based electrolyte. Conversely, increase in the weight percent of the monomer results in improved mechanical properties, but reduced conductivity.
High-Mw PEO electrolytes.-The effect of adding fumed silica on the properties of high-Mw PEO electrolytes was also investigated. Composite polymer electrolytes were obtained by dispersing fumed silica particles into high-Mw PEO (Mw=200K and 600 K) + LiTFSI. The fumed silica forms a network structure and provides mechanical support
Synthesis of a silica-bound TFSI analog. i) TFA, CH 2 Cl 2 , Et 3 N; vi) (EtO) 3 SiH, Karstedt's catalyst, PhH; ii) DEA, A; iii) MeLi, toluene.
even when the PEO has melted. Adding fumed silica nanoparticles improves the rheological properties of polymer electrolytes, while the addition of fillers can be either beneficial or detrimental to ion-transport behavior. In crystalline polymer electrolytes (i.e., below the melting point), adding nanofillers increases the conductivity as the crystallinity decreases. In amorphous polymer electrolytes above the melting temperature, adding fillers decreases conductivity according to a volume-dilution effect. We have also found that adding fumed silica improves the stability of lithium/CPE interface and full-cell cycling performances of Li/CPE/V 6 O 13 cells.
Mixed high-and low-Mw composite polymer electrolytes.-We undertook a novel approach to exploit the high conductivity of low-molecular weight solvents with mechanical strength of high-molecular weight polymers by using polymer blends of low and high molecular weight polyethers. The effect of temperature on rheological properties and conductivity of mixed-molecular weight composite electrolytes was investigated. Blends of PEO 600K Mw and poly(ethylene glycol)dimethyl ether (250 Mw), PEGdm(250) containing hydrophobic (R805) and hydrophilic (A200) fumed silica were prepared at a fixed ratio of high-Mw to low-Mw of 1:1. The concentration of fumed silica employed was 10 wt% and the salt (LiTFSI) was added in a 1:20 ratio. Figure 7 shows the results obtained for the blends with and without fumed silica. Hydrophilic fumed silica provides higher mechanical stability than hydrophobic fumed silica without significantly affecting the conductivity after the composite polymer electrolyte has melted. Both mixed systems containing fumed silica showed higher mechanical stability than the blend without any filler added. The results are very promising for hightemperature applications as the conductivity remains the same (and relatively high) and yet the material is mechanically stable and solid unlike traditional high molecular weight polymer systems.
Yield stress determination in nanoparticulate gels.-Appropriate yield stress determination in colloidal systems is crucial in developing composite electroyte systems and deciding on processing conditions. In this work, the magnitude of yield stress was examined for colloidal gels consisting of hydrophobic silica, polyether, and lithium salts. Serrated plates, which provide minimal wall slip, are used to compare different methods of measuring yield stress: conventional extrapolation of shear stress in steady shear experiments and dynamic experiments at large strain amplitudes. Although excellent agreement is observed in the yield stress values using both these techniques, the dynamic method seems preferable considering its experimental ease, accuracy and lack of extrapolation. Figure 8 shows an example of yield stress determination by the dynamic method; the maximum in the plot indicates the beginning of flow, and in consequence, yielding of the material.
Wall slip phenomena and surface energy effect.-Wall slip is one of the major confounding factors in estimating yield stress and processing parameters due to the fact that the no-slip boundary conditions are no longer satisfied. The occurrence of wall slip in nanoparticulate gels containing hydrophobic fumed silica (R805) and poly(ethylene glycol) dimethyl ether (Mw = 250), PEGdm(250) was studied by means of dynamic rheology. In this work, control of wall slip is attempted using plates modified to have different surface energies; in particular hydrophobic (low surface energy) and hydrophilic (high surface energy) surfaces were employed. As can be seen in Figure 9 , hydrophobic plates reduce slip significantly and produce data comparable to that with the serrated plates. In contrast, hydrophilic plates have minimal effect on slip and produce data analogous to that obtained using smooth plates. These results suggest that specific interactions between the testing surface and the fumed silica particles dispersed in PEGdm(250) are dictating the slip behavior. The hydrophobic surface reduces slip possibly due to the improved association of the hydrophobic fumed silica with the wall. Figure 10 shows a schematic of the proposed mechanism for wall slip reduction with modified plates. Figure 10 . Schematic of the proposed mechanism for wall slip prevention in surfacemodified plates, a) hydrophobic, and b) hydrophilic plates. The material contains hydrophobic fumed silica.
